We demonstrate using Drosophila, periodical cicadas, and hominid primates, that the molecular clock based on animal mitochondrial small-subunit (12s) rRNA genes ticks at significantly different relative rates depending on which taxa and which region of the gene are examined. Drosophila, which are commonly used as model taxa, are evolving in a highly peculiar manner with the majority of sites in the 3' half of the 12s gene apparently invariant.
Introduction
Rate variation has been shown to strongly influence the results of phylogenetic tree construction. In particular, several authors (Felsenstein 1988; Hendy and Penny 1989; DeBry 1992; Hillis and Huelsenbeck 1992) have demonstrated that among-lineage rate variation can confound phylogenetic analyses of nucleotide sequences causing long branches to attract one another. In addition, rate variation among nucleotide sites within a gene has received considerable attention (reviewed in Yang 1996) . Among-site variation in evolutionary rate is especially problematic in that it causes all commonly used methods of phylogenetic analysis to become biased due to the failure to adequately correct for multiple hits (Kuhner and Felsenstein 1994) . Given the wide use of animal mitochondrial small-subunit (I 2s) rRNA sequences in evolutionary tree construction (reviewed in Mindell and Honeycutt 1990; Hillis and Dixon 1991; Simon et al. 1994) , it becomes critical to examine both among-lineage and among-site rate variation in this molecule and explore the implications of this variation for phylogenetic analysis.
In 1986, Hixson and Brown compared the nucleotide sequences of the mitochondrial small subunit rRNA (12s) genes of human, common chimpanzee, pygmy chimpanzee, gorilla, and orangutan and noted that the 5 half contained "1.6 times as many differences as found in the 3' half." The following year, Clary and Wolstenholme (1987) compared 12s nucleotide sequences for Drosophila yakuba and D. virilis and noticed that the 5' half was "13.8 times more variable than the 3' half"; of the 59 substitutions observed, 55 (93%) occurred in the 5' half of the gene. The examination of rate variation presented in the present paper suggests that the extreme 3' rate slowdown observed in Drosophila virilis and D. yakuba is probably common to all Drosophila but is not characteristic of insects in general. We also suggest that a similar rate slowdown has occurred in the 3' half of the Drosophila mitochondrial large-subunit ( 16s) gene.
In this paper, we compare five hominid primate species to six Drosophila and six Magicicada species. Evolutionary rates in these taxa can be easily studied because within each group we can select taxa whose evolutionary relationships are well supported based on studies of a diverse array of morphological and molecular data (Simon 1988; Ruvolo et al. 1991; Caccone, Gleason, and Powell 1992; Horai et al. 1992) . Using taxa with well-corroborated relationships ( fig. 1 ) and a hierarchy of divergence levels, we can calculate evolutionary distances (branch lengths), examine both among-lineage and among-site rate variation, and examine the effect of rate variation on phylogenetic inference based on these data.
Materials and Methods

Amplification and Sequencing
Sequence data for D. virilis and D. yakuba (Clary and Wolstenholme 1985, 1987) and all primates (Hixson and Brown 1986) were taken from the literature. Data presented for periodical cicadas and the remaining Drosophila species were collected as part of this study. Accession numbers are provided at the end of this paper. Extraction, PCR, and sequencing methodology for periodical cicadas and Drosophila are published Simon 1988, 1990; Nigro, Solignac, and Sharp 199 1; Simon, Franke, and Martin 199 1; Nigro and Grapputo 1993) . The 5' half of the 12s molecule comprises domain 1 and most of domain 2. The 3' half of the 12s molecule comprises a small piece of domain 2 and all of domains 3 and 4. This paper focuses on the frequently sequenced 3' segment located between primers SR-J-923 924 Simon et al. 14233 (12Sbi) and SR-N-14588 (12Sai) and the less frequently sequenced 5' segment located between primers SR-J-14612 (12Sai reverse) and SR-N-14922 (12Sgi). Primer sequences are described in the Simon et al. (1994) compilation which contains more than 70 highly conserved PCR primers for mitochondrial genes. Within each taxonomic group, alignment by eye using ESEE (Cabot and Beckenbach 1989) was a simple matter because divergence levels were relatively low. Alignments can be retrieved from EMBL or from CS.
Genetic Distances
To make all data sets begin and end at the same position, all sequences were truncated 21 bases downstream from the I2Sgi primer and 25 bases upstream of the 12Sbi primer. The 12Sai primer site is included in the 12S-3' segment. The total number of sites considered in each region varies among taxa due to insertions and deletions and these totals are given in the results section. All genetic distances were corrected for multiple hits using Tamura's three-parameter method (Tamura 1992; Kumar, Tamura, and Nei 1993) , which allows unequal transition-transversion probabilities and unequal nucleotide composition (although it does assume that the nucleotide bias is the same in all taxa, this holds within each group in our study).
Relative Rates of Evolution
To examine evolutionary rate differences in the 12s gene of primates, Drosophila, and cicadas, we examined divergence of the 12s rRNA gene relative to the divergence of the complete mitochondrial genome. The 12s gene was examined in two halves because it is well established that the 5' halves of both small-and largesubunit rRNAs have many fewer conserved regions than the 3' halves (Gutell et al. 1985; Hixson and Brown 1986; Uhlenbush, McCracken, and Gellissen 1987; Van de Peer et al. 1993; Gutell, Larson, and Woese 1994) and because the 3' half of the 12s (and the 3' half of the mitochondrial 16s) is preferentially sequenced for phylogenetic studies (e.g., Ballard et al. 1992; Cunningham, Blackstone, and Buss 1992; Milinkovitch, Orti, and Meyer 1993; Bargelloni et al. 1994) due to the occurrence of highly conserved PCR primers that work well for nearly all species tried (Kocher et al. 1989; Simon et al. 1994 ). Thus, both established rate differences and prior systematic use of the 12s makes this a logical and useful division. Throughout this paper, we therefore discuss six data sets: the 5' and 3' halves of the Drosophila, cicada, and primate taxa, respectively. These data sets are among the few available where five or more closely related species have been compared using both restriction fragment length polymorphism (RFLP) data and 5' and 3' 12s nucleotide sequences. In our comparisons, total-mitochondrial-genome RFLP data are not available for the most distantly related Drosophila because these taxa are beyond the limits of resolution of the technique, but by combining several analyses (regression, among-site rate variation, and calculations of sites free to vary), we were able to get a very good picture of rate variation among the three groups. (Simon 1988; Ruvolo et al. 1991; Caccone, Gleason, and Powell 1992; Horai et al. 1992 Corrected genetic divergence (Tamura 1992; Kumar, Tamura, and Nei 1993) for the two halves of the 12s gene plotted against each other were graphed for the three taxonomic groups ( fig. 2A ). In addition corrected percent sequence divergence among taxa were plotted against total mtDNA divergence estimated using restriction site analysis (%RFLP) (figs. 2B and C). Although total mtDNA RFLP divergence is not entirely independent of 12s divergence, the segments we are studying make up such a small fraction of the 16,000+-bp genome (1%-20/c each) that they are essentially independent.
The protocol that we used to collect the %RFLP data for cicadas is published Simon 1988, 1990) . Hominid %RFLP values were taken from the literature (Templeton 1983; Ferris et al. 198 1) . The %RFLP distance for pygmy chimpanzees was published only for chimpanzee/pygmy chimpanzee comparison (3.7% divergence) and so for all other pygmy chimpanzee comparisons, divergence was assumed to be similar to chimpanzee.
Statistical Considerations
Rates of evolution (slopes) for the plots in figure 2 cannot be estimated by a simple regression because pairwise distances among taxa reflect a shared evolutionary history, rendering them nonindependent and violating the assumptions necessary for tests of significance in regression. Instead, we performed an analogous regression procedure using distances among taxa measured on the wellsupported phylogenetic trees broken into separate branches (internodes) ( fig. 1) . However, the estimates of the lengths of the internodes are not entirely independent of each other either, because they are estimated with error and that error is correlated. This correlation arises because a short branch FIG. 2.-The corrected (Tamura 1992 ) percent nucleotide sequence divergence for the 5' and 3' halves of the 12s gene for pairs of Drosophila (D), periodical cicada (C), and primate (P) species plotted against (A) each other and (B, C') total mtDNA genome divergence measured by percent sequence divergence measured by restriction fragment length polymorphisms (%RPLP).
on one portion of the tree must be compensated for by a longer branch elsewhere to minimize the deviation between observed pairwise distances and pairwise distances on the tree. Although using internodes does not completely remove the covariance among branch lengths, this covariante is substantially less than the covariance among pairwise genetic distances due to shared history. In addition, although the assumption of independence is not completely met, the transformation we perform makes the analysis of covariance (ANCOVA) test more conservative in that the expectation would be that the variance in the slopes of the internodes plotted against each other would be increased by the error, making it more difficult to find significant differences in slopes if they do indeed exist.
Tree internode lengths (numbered branches in fig.  1 ) were calculated via the Fitch-Margoliash leastsquares method as implemented in PHYLIP (Felsenstein 1993) from the data summarized in figure 2. Regressions were calculated for each comparison using SAS (SAS 1985; PROC REG) as follows. For each taxon, the branch length for tree internode 1 calculated from sequences for the 3' half of the 12s was regressed against the branch length for tree internode 1 calculated from the 5' half of the data. The same procedure was followed for internode 2 and the remaining internodes ( fig. 2A) . A similar procedure was followed for the cicada and primate data to plot sequence divergence (tree internodes) calculated from the 12s 3' and 5' halves, respectively, against the tree internodes calculated from the RFLP data (figs. 2B and C). Slopes of regressions (evolutionary rates) were tested for significant differences using analyses of covariance (ANCOVA) calculated via SAS (SAS 1985; PROC GLM).
Results
Differences in Relative Rates of Evolution
Tamura-Nei (Kumar, Tamura, and Nei 1993) corrected genetic distances among taxa for the three data sets based on 12s sequence divergence are given in the appendix as are estimated distances based on RFLP data for periodical cicadas. All distances are plotted in figure 2. The slopes of the these regression lines are shown in table 1 and are measures of average relative rate of evolution of the gene sequences in each comparison. All regressions were significant (i.e., rates of evolution of branches not significantly heterogeneous) except for cicada 12s 5' half versus %RFLP. ANCOVA was not valid for comparison 1 vs. 2 because of this nonsignificant regression. ANCOVAs showed that (1) relative to the 5' half of the 12s gene, the 3' half is particularly slowly evolving in Drosophila compared to both cicadas and hominids ( fig. 2A and table l), and (2) there was no significant difference in 12s 3'-region evolutionary rate between cicadas and hominids relative to the rates of divergence of their respective mitochondrial genomes (figs. 28 and C, table 1).
While regressions and ANCOVAs demonstrate a lack of evolutionary rate differences in the 3' half of the 12s gene of cicadas and hominids relative to the rate of evolution of their respective mitochondrial genomes measured by RFLP (table l), comparative RFLP data for the entire mitochondrial genome is not available for all Drosophila taxa because of difficulties in determining homology among restriction sites of the more distantly related species groups. There are RFLP comparisons for species within the melanogaster group (e.g., 7.1% divergence between D. melanogaster and D. yakuba; Solignac, Monnerot, and Mounolou 1986) , within the obscura group (12.7% between D. subsilvestris and D. bifasciatu; Gonzalez et al. 1990) , and between obscura group and melanogaster group flies (9.9%-14.4%, Gonzalez et al. 1990) , suggesting that both species groups are old and the intemodal distances between them relatively small. This conclusion is supported by sequence data from the cytochrome oxidase II (COII) gene. Beckenbach, Wei, and Liu (1993) found CO11 divergence within the obscuru group to have a minimum of 1 l%, while distances between melanogaster and obscuru group species averaged 11.4% (although the distance between these two species groups is probably an underestimate due to the failure of the Jukes-Cantor formula to adequately correct for multiple hits). RFLP comparisons between willistoni and virilis group Drosophila and between these groups and either melanogaster or obscura groups are beyond the limits of resolution of this method of analysis.
Because we have no RFLP data for these the highly diverged Drosophila taxa, a graphical examination will not highlight the dramatic difference in evolutionary constraint of the 3' half of the gene, but evidence relevant to the time of divergence of the Drosophila subgenera versus orangutan and other hominids illustrates this point well. A maximum and minimum time estimate of 30-60 Myr has been assigned to the split between the subgenus Drosophila (containing D. virilis) and the subgenus Sophophoru (containing the other five species we examined). These dates are based on biogeography and limited amber fossils (Powell and DeSalle 1995) . Using these dates to calibrate the rate of evolution of the 3' half of the Drosophila 12s gene gives a maximum average rate of divergence along each lineage of 0.07% + 0.02% per million years. The divergence between the two most distant hominids examined (chimpanzee versus orangutan) is approximately 15 Myr based on fossils (Hixson and Brown 1986) , giving a maximum average rate of divergence of each lineage of 0.22 -+ 0.05% per million years. Thus the rate of evolution of the 3' half of the primate 12s rRNA gene is approximately three times faster than the maximum DrosophiZa estimate.
It is remarkable that for deeper divergences, such as those between the subgenera Drosophila (D. virilis) and Sophophoru (the remaining five species), the percent sequence divergence for the 3' half of the 12s does not rise above 4.1% + 1.0% even though divergences in the 5' half range from 15.0% + 2.6% to 21.9% + 3.3% (appendix, fig. 2 ). To confirm that the 12s sequence of D. virilis (Clary and Wolstenholme 1987) was representative of subgenus Drosophila flies, we compared the first 180 bases of the 3' half of the 12s gene for nine additional species in the subgenus Drosophila (G. Spicer, personal communication) to the sequence of D. yakuba and found that, like D. virilis, they differed on average by only 3.3%. Clearly, the 3' segment of 12s gene in Drosophila is evolving much more slowly than that of other taxa. Figure 2A best demonstrates that the relative rate of evolution of the two halves of the 12s gene examined in this study do not differ significantly between cicadas and primates but that both cicadas and primates differ significantly from Drosophila. Although we cannot demonstrate a significant difference in relative rate of evolution of the two halves of the 12s gene in cicadas versus primates, the relative rate of evolution of the 3' half is consistently higher in cicadas.
Although the 12s is one of the most conserved mitochondrial genes when distantly related species are compared (e.g., Jacobs et al. 1988) , this difference is not always apparent in closely related species comparisons. This is because the number of sites free to vary (the distribution of among-site rate variability) differs among taxa and changes with increasing depth of taxon sampling. If we compare pairs of cicada taxa that have an average level of total mitochondrial genome divergence of 7% to 8% (e.g., M. septendecim to M. cassini) to pairs of Drosophila taxa with similar levels of divergence (e.g., D. yakuba to D. melanogaster), we see that pairwise genetic distance values calculated from the 3' half of the cicada 12s gene are typical of those generated from RFLP analysis of the entire cicada mitochondrial genome, whereas pairwise genetic distances for DrosophiZu calculated from sequences of the 3' half are 3.5 times lower than those calculated from RFLP analysis of the entire Drosophila mitochondrial genome. Relatively rapid evolution is also seen in the 3' half of a crustacean 12s gene where divergence calculated for two species of Penaeus shrimp (9.6%) was similar to rRNA Rate and Substitutional-Pattern Variation 927 the divergence calculated from RFLP analysis of the en- Patterns of Among-Site Rate Variation and the Number of Sites Free to Vary Differences in the rate of evolution of the 3' half of the 12s gene between Drosophila and the other taxa could be caused by differences in mutation rate or by differences in molecular structural and functional constraints (Kimura 1987). Although mitochondrial mutation rates do seem to vary between ectothermic and endothermic vertebrates (reviewed in Rand 1994) and between bee and fly lineages (Crozier, Crozier, and Mackinlay 1989) , this rate variation seems to be correlated with factors, such as metabolic rate, that would not differ significantly for one half of a gene versus another. Therefore the evolutionary rate differences among taxa in the two halves of the 12s gene are likely to be due to structural and functional constraints.
To assess the magnitude of differences in constraints among Drosophila, cicadas, and hominids, we performed two kinds of analysis for all three taxonomic groups and for both the 3' and 5' halves of the 12s data:
(1) we examined the pattern of among-site (within-gene) rate variation and (2) we estimated the number of sites free to vary. To estimate the within-gene distribution of evolutionary rates for each taxonomic group, we used MacClade (Maddison and Maddison 1992) to optimize each data set (assign ancestral character states) for the appropriate well-corroborated topology and constructed histograms of the number of inferred changes at each nucleotide site in the 5 and 3' halves of 12s gene, respectively. If rates are r-distributed across sites, the number of changes inferred at each site should conform to a negative binomial distribution. We therefore used the maximum-likelihood method of Sullivan, Holsinger, and Simon (1995) to calculate likelihood scores for both the gamma (significant among-site rate variation) and single-rate (Poisson distribution; no among-site rate variation) models and to estimate gamma shape parameters (a) for the histograms of inferred changes. Although it has been shown (Sullivan, Holsinger, and Simon 1985) that the estimates of (Y obtained in this way are a more conservative index of rate heterogeneity than those produced by the more computationally intensive BASEML method of Yang (1994) , our likelihood ratio tests of the gamma versus the single-rate model provide a powerful test for the presence of within-gene rate heterogeneity. Results of likelihood ratio tests are presented in table 2. In all cases except the DrosophiEa 12s 3' half, there is no significant improvement in likelihood scores when the r-distributed-rates model is used relative to the single-rate model. This same result was obtained when we used BASEML (Yang 1994) to conduct the test. The 12s 3' half in the Drosophila data set fits the r-distributed-rates model much better than the Poisson model of no among-site rate variation. This does not necessarily indicate that evolutionary rates are actually r-distributed in this data set, but it does indicate that the 3' half of the 12s gene in Drosophila is under very different structural/functional constraints than the other data sets and reinforces the results of the ANCOVAs. The second way in which we demonstrated amongtaxon differences in the molecular constraint of the two halves of the 12s gene was to estimate the number of sites free to vary; we used the method of Steele et al. (1991) to calculate an approximate number of sites free to vary. This estimate assumes that there is no among-site rate variation (a Poisson distribution). In Drosophila, the only taxon where the negative binomial model provided a significantly better fit than the Poisson model, the estimate of number of sites free to vary is slightly smaller than it would be with a negative binomial model. Using Steele et al.'s method, we estimate that the 5' half of the 12s gene in hominids, cicadas, and Drosophila had 78%, 41%, and 65% of sites free to vary, respectively; for the 3' half of the 12s gene the values were 76%, 58%, and 19%, respectively. Still, the slowly evolving 3' half of the 12s gene of the Drosophila species examined has many fewer sites free to vary than any of the other data sets. In the Drosophila species we studied, the vast majority of sites (approximately 81%) in the 3' half of the 12s gene are estimated to be invariant.
Discussion
Possible Constraint Differences
The third domain of the 12s rRNA gene, which makes up the majority of the 3' half of the molecule, is particularly well characterized because it easy to amplify and sequence (Kocher et al. 1989; Simon et al. 1990 Simon et al. , 1994 . The secondary structure of this region is highly constrained with many remarkably conserved motifs and most of the 12 helices more or less fixed in length (Gutell, Larson, and Woese 1994; Hickson et al. 1996) . It is surprising that a region that is already so highly constrained in all animals should be even more constrained in Drosophila, especially when the Drosophila mitochondrial genome as a whole does not display a similar rate slowdown.
It is difficult to imagine why this 3' section of the 12s gene should differ significantly in structural or functional constraints between Drosophila and cicadas and yet be similar in cicadas and hominids. The answer may lie in the ribosomal proteins involved in interactions with the 3' half of the 12s molecule in Drosophila; ran-dom events may have led to the development of ribo-otide sequence over all evolutionary lineages and to desomal-protein-associated constraint. We suggest that an tect rate heterogeneity among regions in a specific evoexamination of mitochondrial ribosomal proteins might lutionary lineage. Using these methods, they found no prove extremely interesting. A fact which supports this rate heterogeneity within insect mariner transposable-elsupposition is that data for nine species of Drosophila ement sequences and were able to pick out the slowly (Nigro and Grapputo 1993) suggest a similar rate slow-evolving 5.8s from the adjacent, more rapidly evolving down in the 3' half of the mitochondrial large ribosomal ITS regions of plant nuclear ribosomal genes. RNA subunit (16s) in Drosophila.
Although it is becoming increasingly obvious that
Relative Rates of Evolution among-site rate variation is common within genes, few comparisons other than ours have been made of how the If all taxa under study are evolving at the same rate relative rates of the different regions might differ among for a particular gene, that gene is said to conform to a taxa. One example is the study by Johannes and Berger molecular clock. Because most organisms lack a de-(1993) of mammalian ornithine decarboxylase messentailed fossil record and times of divergence are un-ger RNA comparing translated and untranslated regions known, the most common studies of evolutionary rate in which they found a complex mosaic of rates of evovariation examine relative rather than absolute rate dif-lution among regions and taxa. Similar comparisons ferences. Many relative-rates tests have been proposed within translated regions of protein genes and ribosomal to search for deviation from the molecular clock (e.g., RNA genes would be interesting and have implications Wu and Li 1985; Kimura 1987; Muse and Weir 1992 ; for the evolution of functional constraints. We predict Tajima 1993). These tests, however, are not appropriate that investigations of this kind in other taxa and other for our study of the 12s rRNA gene for several reasons. genes will turn up many interesting cases of mosaic evoFirst, primates, Drosophila, and cicadas are so distantly lutionary rates. related to one another that genetic distances among them will be confounded by extensive within-lineage varia-Implications of Rate Variation for Tree Building tion (Ritland and Clegg 1992) . Second, within-gene Several recent studies have demonstrated the imvariation in evolutionary rate (demonstrated below) portance of among-site rate variation in phylogenetic would invalidate relative-rates tests because, to para-analyses (Kuhner and Felsenstein 1994; Tateno, Takephrase Tajima (1993) , it is unlikely that the overall rate zaki, and Nei 1994; Yang, Goldman, and Friday 1994; of evolution is constant among lineages when the pattern Hulsenbeck 1995; Sullivan, Holsinger, and Simon 1995; of substitution within a gene varies from one lineage to Yang 1995) . To explore the implications for tree buildanother. In addition, Tajima notes that within-gene vari-ing of this odd Drosophila substitutional pattern, phyation in evolutionary rate cannot be effectively incor-logenetic analysis was performed with all six 12s data porated into a relative-rates test because accounting for sets (5' and 3' halves for primates, cicadas, and Dromany different rate classes would increase the degrees sophila, respectively). For all comparisons except of freedom and dramatically lower the power of the test DROS-3', an exhaustive search using PAUP (Swofford (Tajima 1993) . The third reason that existing relative-1993) found shortest-length trees identical to the wellrates tests cannot be performed on our data is that ge-corroborated trees pictured in figure 1 (table 3) . A low netic distances are dependent on accurate sequence resealed consistency index (0.36) indicated that the lack alignment, which is very difficult to achieve for the 5' of resolution in the DROS-3' data set was due to hohalf of the 12s molecule among primates, cicadas, and moplasy. Using the neighbor-joining method impleDrosophila, especially for the highly variable segments mented in MEGA (Kumar, Tamura, and Nei 1993) or that are most likely to differ significantly in evolutionary the Fitch-Margoliash method implemented in PHYLIP rate (Hickson et al. 1996) .
(Felsenstein 1993), the result was the same except that
Characterizing Rate Variation Within Genes the PRIM-5' data set also failed to produce the wellcorroborated phylogeny; however, the Fitch-Margoliash A number of authors have devised methods for topology for PRIM-5' was one of three equally parsicharacterizing rate variation within genes. Pesole et al. monious, shortest trees found by PAUP In figure 3 the (1992) developed a stochastic method for tracing the few "informative" nucleotide substitutions in the 3' half evolutionary pattern of multialigned sequences by cre-of the 12s for the five Drosophila species are superating a sliding window histogram and comparing the imposed above the accepted phylogenetic tree. All poobserved variability to simulated sequences with substi-sitions except one have experienced multiple substitututions distributed at random along the sequence (but tions. Thus, the few potentially informative sites contain constrained to produce an identical tree topology and to a large amount of homoplasy. have similar average patterns and degrees of variability).
For deeper taxonomic comparisons, highly variable Using this method they found significant within-gene regions cannot always be aligned with certainty and are variation in mammalian cytochrome b sequence substi-often discarded, effectively giving zero weights to these tutions and no within-gene variability in a primate glo-sites. The remaining conserved regions are likely to conbin pseudogene.
tain less homoplasy due to among-site rate variation. Gaut and Weir (1994) devised maximum-likelihood There is evidence from comparisons of humans, cicadas, methods for detection of substitution-rate heterogeneity and Drosophila to suggest that conserved regions alignamong gene regions within a non-protein-coding nucle-able among these taxa are less subject to the problem rRNA Rate and Substitutional-Pattern Variation 929 3 ' segment of the Dmsophila 12s gene: PRIM-5'. 5' segment of the primate 12s gene; PRIM-3'. 3' segment of the primate 12s gene; CIC-5', 5' segment of the cicada 12s gene; UC-3', 3' segment of the cicada 12s gene; NJ?, Did B neighbor-joining tree based on these data recover the well-corroborated relationships of figure I? ; MP'?, Did a maximum-parsimony tree based on these data recover the well-corroborated relationships of figure I? ; L, length of maximum parsimony tree; CI, consistency index; CI -A, consistency index minus autapomorphies; RC, resealed consistency index; No. Sites, the number of nucleotide sites in the DNA segment studied (varies among taxa due to insertions and deletions); Varb. Sites. the number of vanable sites (informative changes plus autapomorphles); Total Ir Varb., the percent of nucleotide sites that were variable.
'The primate tree matched the well-corroborated phylogeny but was one of three equally parsimonious trees.
of unequal rates. In a comparison of the 3' halves of the 12s genes of these three taxa (Simon et al. 1990 ), the most conserved segments had 90% transition substitutions and low A+T bias compared to the most variable regions. Both of these measures are indicators of slower evolutionary rate (lack of multiple hits) (DeSalle et al. 1987; Hancock, Tautz, and Dover 1988) . This, however, does not mean that every site within these conserved regions evolves at a slower rate. Van de Peer et al. (1993) , Sullivan, Holsinger, and Simon (1995) , and Hickson et al. (1996) demonstrate that highly variable sites do exist in otherwise conserved helices of nuclear and mitochondrial rRNA, suggesting that weighting for among-site variability (reviewed in Simon et al. 1994 and Yang 1996) has the potential to improve phylogenetic analyses. The implications of our findings for calibrating molecular clocks are also clear. It is important to consider rate variation within and among genes as well as among taxa when calibrating molecular clocks. If a slowly Position No. evolving gene or gene region is used to establish a clock, the same slowly evolving gene region (in the most closely related taxon possible) should be used to establish a calibration. Genetic distances should also be corrected for among-site rate variation (Yang 1994; Sullivan, Holsinger, and Simon 1995) .
Concluding Remarks
For the data examined, we have found significantly different rates of evolution among taxonomic groups and different distributions of evolutionary rates among taxa within the 12s gene. What is unique about our results is that the rate slowdown that has occurred in Drosophila affects one part of one gene more strongly than it does the rest of the genome. In phylogenetic reconstruction, this variation is likely to be more of a problem for 12s gene comparisons among closely related species than among distantly related species due to lower amounts of variation and the occurrence in some taxa of extreme constraint coupled with multiple substitutions in the few sites that do vary. This implies that although the 3' half of the 12s gene may provide useful phylogenetic information for some taxa, it can be problematic for others and should not be preferentially chosen over protein genes for phylogenetic studies of closely related species. In agreement with conclusions for protein genes (Shoemaker and Fitch 1989) , we find that the fact that only a small fraction of the nucleotide positions differ does not guarantee that the total amount of divergence has not been underestimated. Furthermore, generalizations about the pattern of substitution in a given 12s gene region cannot be made even within the class Insecta. This implies that phylogenetic comparisons based on rRNA genes should incorporate an examination of among-site rate variation. Finally, rates of evolution that vary drastically between the two halves of the 12s gene and in a complex manner among the three taxonomic groups examined argue for caution when using this gene as a molecular clock. At the very least, if only part of a gene is to be used, calibration of the clock should be based on that segment and should 930 Simon et al. use the most closely related species comparisons avail-DEBRY, R. W. 1992. The consistency of several phylogeny in- a Operational Taxonomic Units.
